Hypoadiponectinemia and decreased adiponectin gene expression in white adipose tissue (WAT) have been well observed in obese subjects and animal models. However, the mechanism for obesity-associated hypoadiponectinemia is still largely unknown. To investigate the regulatory role of energy intake, dietary fat, and adiposity in adiponectin gene expression and blood adiponectin level, a series of feeding regimens was employed to manipulate energy intake and dietary fat in obese-prone C57BL/6, genetically obese ob/ob, obese-resistant A/J and peroxisome proliferator-activated receptor-␣ gene knockout (PPAR␣ KO) mice. Adiponectin gene expression in WAT and circulating adiponectin levels were studied in these dietary intervention-treated mice. Our study showed that calorie restriction (CR) robustly increased adiponectin gene expression in epididymal fat and blood adiponectin levels in both low-fat (LF) and high-fat (HF) diet-fed C57BL/6 mice. Although HF pair-fed C57BL/6 mice received the same amount of calories as LF ad libitum-fed mice, HF diet clearly increased adiposity but showed no significant effects on adiponectin gene expression and blood adiponectin level. CR also significantly increased blood adiponectin levels in ob/ob and A/J mice. Neither CR nor HF feeding displayed any significant effect on blood adiponectin half-life in C57BL/6 mice. Interestingly, CR increased PPAR␣ expression in epididymal fat of C57BL/6 mice. Low levels of blood adiponectin and adiponectin gene expression in WAT were observed in PPAR␣ KO mice. PPAR␣ agonist treatment increased adiponectin mRNA levels in 3T3-L1 adipocytes. Furthermore, CR failed to increase adiponectin gene expression and blood adiponectin levels in PPAR␣ KO mice. Therefore, our study demonstrated that energy intake, not dietary fat, plays an important role in regulating adiponectin gene expression and blood adiponectin level. PPAR␣ mediates CR-enhanced adiponectin gene expression in WAT. obesity; adipocyte; calorie restriction ADIPONECTIN IS AN ADIPOCYTE-DERIVED HORMONE with insulinsensitizing function and plays an important role in maintaining energy homeostasis. Adiponectin gene expression in white adipose tissue (WAT) and blood concentrations are inversely associated with body mass index in humans (1, 8, 44) . However, despite the close association of adiposity and hypoadiponectinemia, it is still not certain whether WAT expansion itself reduces adiponectin gene expression and adiponectin levels in circulation.
ADIPONECTIN IS AN ADIPOCYTE-DERIVED HORMONE with insulinsensitizing function and plays an important role in maintaining energy homeostasis. Adiponectin gene expression in white adipose tissue (WAT) and blood concentrations are inversely associated with body mass index in humans (1, 8, 44) . However, despite the close association of adiposity and hypoadiponectinemia, it is still not certain whether WAT expansion itself reduces adiponectin gene expression and adiponectin levels in circulation.
The primary function of WAT is energy storage. Prolonged positive energy imbalance or excessive energy intake increases triglyceride accumulation in adipocytes and enlarges WAT mass. Therefore, calorie-enriched foods are generally blamed as the main cause of the obesity epidemic. In addition, high-fat (HF) diet has been widely used for inducing obesity in animal models that exhibit reduced adiponectin gene expression in WAT (3, 10, 25) . This raises the question whether energy intake or dietary fat content controls adiponectin gene expression in WAT.
Calorie restriction (CR) is known for counteracting the deleterious aspects of positive energy imbalance and obesityrelated metabolic diseases. A decrease in daily calorie intake by 20 -40% of baseline requirement improves insulin sensitivity as well as reducing body weight and WAT mass (11, 36, 39) . CR also alters adipocytokine expression in WAT (39) . Among these adipocytokines, CR dramatically increases the gene expression and blood levels of adiponectin, particularly in rodents (9, 30, 35, 42, 43, 48) .
Transcriptional regulation of adiponectin gene expression plays an important role in maintaining blood adiponectin concentration. Several transcription factors, including PPAR␥, CCAAT enhancer-binding protein-␣ (C/EBP␣), and FoxO1 induce adiponectin gene transcription (24, 27, 32, 33, 46) . Within the PPAR family, PPAR␥ is probably best known for increasing circulating adiponectin levels by upregulating adiponectin expression at the transcriptional level (24) . Interestingly, significantly increased blood adiponectin concentrations were also observed in PPAR␣ agonist-treated human subjects and animal models (16, 21, 22, 26, 38) . In addition, an in vitro experiment has demonstrated that PPAR␣ directly increases adiponectin gene transcription through the peroxisome proliferator response elements (PPRE) at the adiponectin promoter (16) .
In this study, feeding regimens and mouse models were used to discriminate the regulatory effects of energy intake, dietary fat, and adiposity on adiponectin gene expression. We report that total energy intake, but not dietary fat, plays an important role in controlling adiponectin gene expression and blood level. Compared with energy intake, adiposity exhibits a minor effect on circulating adiponectin levels. Our study also indicates that PPAR␣ mediates CR-induced adiponectin gene expression in WAT.
Harbor, ME). Feeding regimens were started at 6 wk of age for all mice except PPAR␣ KO mice, which were started at 3 mo of age. Body sizes of CR or pair-fed mice were similar to controls. All mice were maintained under standardized conditions with 12:12-h lightdark cycle. The experiments using mouse models were carried out under the Association for Assessment and Accreditation of Laboratory Animal Care guidelines with approval of the University of Kentucky and University of California San Diego Animal Care and Use Committees. The mice were randomly grouped. Food intake of LF or HF ad libitum groups (free access to food, LF-AL, HF-AL) was monitored daily. Calorie intakes of LF-AL mice were used for calculating food supply to CR or pair-fed mice. Energy intake was calculated on the basis of 3.85 kcal/g for the LF diet and 5.24 kcal/g for the HF diet. LF-CR and HF-CR mice received the same amount of energy intake, but dietary fat contents were different. Pair-fed mice received the same amount of calories as LF-AL. CR was gradually applied to the mice over a 2-wk lead period until energy intake reached 60% of that of the LF-AL mice. For PPAR␣ KO mice, CR was 30% reduction of energy intake of LF-AL. Food was provided to mice daily around noon. Body weight was measured every week at the same time. Blood samples were collected every other week in the fed state. At the end of the study, blood, epididymal fat, and other tissue samples were collected after overnight fasting. Tissue samples were snap-frozen using liquid nitrogen and stored at Ϫ80°C for later protein and RNA preparation.
Adiponectin half-life assay. Blood adiponectin half-life was measured in C57BL/6 mice after the 24-wk feeding regimens. The assay was carried out under fasting condition.
125 I-labeled adiponectin (0.1 Ci per mouse) was injected into mice through the tail veins. Blood samples were collected 15, 30, 45, 60, 120 , and 180 min after injection. Radioactivities of TCA-precipitated serum proteins were measured. The clearance rate of labeled adiponectin in blood was calculated and half-life determined using Prism software (San Diego, CA).
Cell culture. 3T3-L1 cell culture and induction of adipocyte differentiation were described in a previous publication (33) . Two days after completion of adipocyte differentiation, 3T3-L1 adipocytes were treated overnight with indicated chemicals and control reagents in DMEM. RNA was extracted from adipocytes for real-time PCR assays.
Western blot and real-time PCR assays. Total serum adiponectin levels were measured using Western blotting, and multimeric adiponectin was assayed under nonreducing conditions (34) . Protein samples were resolved using NuPAGE gels (Invitrogen). Protein was blotted with indicated antibodies (see details in figure legends). Protein levels were semiquantified by image density scanning using Quantity One software with an internal reference for assays of multiple gels.
Total RNA was prepared from epididymal fat and 3T3-L1 adipocytes with TRIzol (Invitrogen). cDNA was synthesized using SuperScript III Reverse Transcriptase and oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (Invitrogen). Real-time PCR was performed using the mx3000p Real-Time PCR system (Stratagene) and SYBR Green dye (Molecular Probes, Eugene, OR). The sequences for PCR primers are in table 1.
Statistical analysis. Data are expressed as means Ϯ standard error of the mean (SE). Statistical analysis was performed using Student's Fig. 1 . CR increases blood adiponectin levels in both LF and HF-fed C57BL/6 mice. HF, high fat; LF, low fat; AL, ad libitum fed; CR, calorie restricted; P, pair fed. Energy intake of LF-AL mice was calculated based on daily food intake. HF-P or HF-CR mice received HF diet with calories equal to those of LF-AL and LF-CR mice, respectively. Restriction of energy intake for LF-CR and HF-CR mice was gradually applied: 20% in week 1, 30% in week 2, and then 40% of the value for LF-AL mice. A: blood samples were collected at indicated time points and stored for analysis. Serum adiponectin was measured using Western blotting with an internal reference sample between gels. Relative adiponectin levels were quantified by scanning band densities using Quantity One software. B: body weights were measured every week. C: epididymal fat was collected and weighed at the end of the study after overnight fasting. Data are presented as mean Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.001, LF-CR or HF-CR vs. LF-AL; #P Ͻ 0.05 HF-AL or HF-P vs. LF-AL at the same time point; n ϭ 10 per group.
t-test or ANOVA, followed by Bonferroni posttests using Prism software. Differences were considered significant at P Ͻ 0.05.
RESULTS

Energy intake, but not dietary fat, controls blood adiponectin concentration in mice.
To determine the role of energy intake and dietary fat in controlling adiponectin gene expression and blood adiponectin level, C57BL/6 male mice were fed the HF or LF diet with controlled levels of calories. Total energy intakes (calories) were kept the same between LF-CR and HF-CR mice, HF-P (high-fat diet pair-fed) and LF-AL mice but different in dietary fat content. As shown in Fig. 1A , total serum adiponectin levels were significantly increased in LF-CR and HF-CR mice after 4 wk of treatment. There were no differences in serum adiponectin levels between LF-CR and HF-CR mice during the whole study. Serum adiponectin levels of HF-AL mice (free access to food) were significantly reduced at 4 wk compared with the other groups of mice (Fig. 1A) . Interestingly, circulating adiponectin levels of HF-AL mice recovered at 10 wk of feeding and stayed at levels similar to those of LF-AL and HF-P (received same calories as LF-AL) mice during the rest of the study. These results are consistent with previous studies that reported that prolonged HF feeding does not reduce blood adiponectin levels in mice (3, 6, 12) . Serum multimeric adiponectin levels were also measured, and results showed that multimeric adiponectin increased or reduced proportionally with total adiponectin levels in LF-CR, HF-CR, or HF-AL mice at each time point (data not shown). Since energy intakes and blood adiponectin were same between LF-CR and HF-CR mice and between LF-AL and HF-P mice, these studies indicate that energy intake, but not dietary fat, plays an important role in maintaining blood adiponectin levels in mice. Due to the proportional changes of multimeric and total adiponectin in these mice, total adiponectin levels are presented in the rest of this study.
CR increases blood adiponectin levels in genetic obese ob/ob and obese-resistant A/J mice. By comparing epididymal fat mass and body weight between HF-P and LF-AL mice (Fig.  1, B and C) , our study showed that high-level dietary fat increases mouse WAT mass. However, serum adiponectin of HF-P and LF-AL mice were at the same levels during the entire study (Fig. 1A) , which suggests that adiposity may play a minor role in controlling blood adiponectin levels in mice. Therefore, genetically obese ob/ob mice and obese-resistant A/J mice were employed to further investigate the effects of energy intake and adiposity on serum adiponectin levels.
By measuring food intake, we found that the average daily energy intake of ob/ob mice was ϳ62% higher than that of C57BL/6 (WT) control mice [Supplemental Fig. S1 (supplementary materials are found in the online version of this paper at the Journal website)]. Due to the 40% restriction of energy intake in CR mice, energy intake of calorie-restricted ob/ob mice (ob-LF-CR) was almost identical to that of WT LF ad libitum-fed (WT-LF-AL) mice. To avoid further worsening of energy homeostasis in ob/ob mice, the HF diet was given only to pair-fed mice, while normal chow was provided to the other groups. Serum adiponectin levels of ob-LF-AL mice were significantly lower than that of WT-LF-AL mice at every time point ( Fig. 2A) . Two weeks after initiation of CR and pairfeeding, serum adiponectin levels increased in both ob-LF-CR and ob-HF-P mice and stayed at similar levels to those of WT-LF-AL mice during the rest of the study ( Fig. 2A) . Three weeks after diet intervention, body weights of ob-LF-CR and ob-HF-P mice were significantly reduced compared with those of ob-LF-AL mice, but were still remarkably higher than those of WT-LF-AL mice (Fig. 2B) . These results show that restriction of energy intake increases and even restores blood adiponectin levels in ob/ob mice despite the fact that they remain still obese.
In contrast to C57BL/6 mice, A/J mice are well known for resistance to HF diet-induced obesity. The same feeding regimens of C57BL/6 mice were applied to A/J mice. As expected, HF diet feeding did not induce significant increase of body weight of A/J mice (Fig. 2D) . Similar to the results of C57BL/6 mice, serum adiponectin levels were significantly increased in both A/J-LF-CR and A/J-HF-CR mice (Fig. 2C) . For unknown reasons, elevated energy intake in A/J-HF-AL mice lasted for the initial 5 wk of the study (Supplemental Fig.  S1B ). Consistent with a previous study (6) , blood adiponectin levels were similar between HF and LF fed A/J mice (Fig. 2C) . Together, these results indicate that CR is the most effective feeding regimen to increase blood adiponectin levels in mice. These studies also suggest that WAT mass may play a minor role in adiponectin gene expression in the context of calorie restriction.
CR increases adiponectin gene expression and has no effect on blood adiponectin half-life. The levels of adiponectin mRNA and protein in epididymal fat were measured at the end of diet intervention. As shown in Fig. 3, A and B , adiponectin mRNA and protein levels were remarkably increased in epididymal fat of both LF-CR and HF-CR mice. These results indicate that CR increases adiponectin gene expression in WAT of mice.
To determine whether energy intake and dietary fat alter the blood adiponectin clearance rate, 125 I-labeled mouse adiponectin was employed to measure blood adiponectin half-life after 24 wk of feeding regimens of C57BL/6 mice. The half-life of adiponectin in LF-CR, HF-AL, and HF-CR mice was slightly greater than that in LF-AL mice but without statistical significance (Fig. 3C) . These results suggest that energy intake and dietary fat do not have any significant effect on blood adiponectin clearance.
CR increases PPAR␣, PPAR␥, and Sirt1 gene expression in epididymal fat.
To further investigate the underlying mechanisms through which CR increases adiponectin gene expression, the expression levels of a series of transcription factors and genes that might mediate CR-induced metabolic adaptation were measured using real-time PCR and Western blotting.
Sirt1 is a member of the silent information regulator 2 family, which are well-conserved nicotinamide adenine dinucleotide (NAD) ϩ -dependent protein deacetylases. Despite the fact that the role of Sirt1 in regulating longevity in mammals is uncertain, it has been well documented that Sirt1 is important in mediating CR-induced metabolic adaptation. Consistent with the others' and our previous studies, Sirt1 mRNA (Fig. 4A) and protein (Fig. 4C) were significantly increased in epididymal fat of both LF-CR and HF-CR mice and reduced in HF-AL mice. Previous studies, including our in vitro study, have demonstrated that Sirt1 increases adiponectin gene expression (2, 33) . Therefore, elevated Sirt1 in WAT of CR-treated mice seems to be responsible for enhanced adiponectin gene expression and increased blood adiponectin levels. However, the inhibitory effects of Sirt1 on adiponectin gene expression and secretion have been reported (4, 31) . Unfortunately, most of these in vivo studies were carried out in transgenic mice. Due to ubiquitous expression and profound effects of Sirt1 on glucose and lipid metabolism, indirect regulatory effects of Sirt1 on adiponectin gene expression in Fig. 3 . CR increases adiponectin gene expression but has no effect on blood adiponectin clearance rate. After 24-wk feeding regimens in C57BL/6 mice, as described in Fig. 1 , epididymal fat tissues were collected. Levels of adiponectin mRNA (A) and protein (B) were measured using real-time PCR or Western blot. C:
125 I-labeled adiponectin (0.1 Ci) was injected into mice through the tail vein. Blood samples were collected, and radioactivities of precipitated serum proteins were measured. Circulating adiponectin half-life was calculated. Data are presented as means Ϯ SE. *P Ͻ 0.05, LF-CR, HF-CR, or HF-AL vs. LF-AL; n ϭ 10. these transgenic mice cannot be ruled out. Therefore, further in vivo studies are warranted to confirm the role of Sirt1 in CR-induced adiponectin gene expression.
PPAR␥ and C/EBP␣ are two adipogenic master transcription factors that play important roles in adiponectin gene transcription. Our results show that C/EBP␣ mRNA (Fig. 4A ) and protein levels (data not shown) in epididymal fat of LF-CR and HF-CR mice were similar to those of LF-AL and HF-P mice. Interestingly, expression of PPAR␥ was robustly increased in epididymal fat of both LF-CR and HF-CR mice (Fig. 4, B and C) . There was an increase of PPAR␥ mRNA in epididymal fat of HF-P mice (Fig. 4B ), but we could not detect any change of PPAR␥ at protein level (Fig. 4C) . The increase of adiponectin and PPAR␥ gene expression in epididymal fat of CR-treated mice seems to suggest that PPAR␥ mediates CR-induced adiponectin gene transcription. However, the available information and data from the current study do not completely support this notion. It has been demonstrated that CR inhibits PPAR␥ transactivity and PPAR␥ regulated lipid metabolism in adipocytes through Sirt1 (29) . Therefore, despite the increase of PPAR␥ gene expression in epididymal fat of CR-treated mice, PPAR␥ activity may be suppressed. Our study indeed showed a decrease of PPAR␥ target genes aP2 and fatty acid synthase (Fasn) in the epididymal fat of CRtreated mice (Fig. 4D) .
PPAR␣ and PPAR␦ are two other members of the PPAR family. Despite low abundance of PPAR␣ and PPAR␦ in adipocytes compared with PPAR␥, they are also important in regulating lipid metabolism in adipocytes. We measured expression levels of PPAR␣ and PPAR␦ in epididymal fat from these mice. To our surprise, expression of PPAR␣, but not PPAR␦, was significantly increased in epididymal fat of both LF-CR and HF-CR mice (Fig. 4, B and C) . Interestingly, mRNA levels of PPAR␣ target gene Acox1 and Ehhadh were also robustly elevated in CR-treated mice (Fig. 4D) .
PPAR␣ agonist increases adiponectin gene expression in 3T3-L1 adipocytes. Previous studies have reported that PPAR␣ upregulates adiponectin gene transcription through PPRE at the adiponectin promoter (16) . To verify the effects of PPAR␣ on adiponectin gene expression, PPAR␣ activators fenofibrate and WY-14643 and PPAR␥ agonist rosiglitazone (TZD) were used to treat differentiated 3T3-L1 adipocytes. In line with previous reports and similar to the effects of TZD, both fenofibrate and WY-14643 treatment robustly increased adiponectin mRNA levels (Fig. 5A ). In addition, adiponectin mRNA in epididymal fat (Fig. 5B ) and blood adiponectin levels (Supplemental Fig.  S3, A and B) were remarkably lower in PPAR␣ KO mice than in WT control mice. These results further confirm that PPAR␣ upregulates adiponectin gene expression.
CR failed to increase blood adiponectin levels in PPAR␣ KO mice. To determine the role PPAR␣ in CR-induced adiponectin gene expression, PPAR␣ KO male mice were subjected to CR treatment. Due to the increased sensitivity of PPAR␣ KO mice to fasting and to avoid hypoglycemia and severe alteration in lipid metabolism, 30% (instead of 40%) restriction of energy intake was used for PPAR␣ KO mice. In a separate study, we found that 30% CR was sufficient to increase blood adiponectin levels in C57BL/6 mice (data not shown). CR treatment significantly reduced body weight and epididymal fat tissue mass in PPAR␣ KO-CR mice (Fig. 5C ). There was a slight increase of serum total adiponectin in PPAR␣ KO-CR mice, however, without statistical significance (Fig. 5D ). In line with serum adiponectin, expression levels of adiponectin in epididymal fat were similar between PPAR␣ KO-CR and PPAR␣ Fig. 4 . CR increases PPAR␣ gene expression in WAT. Total RNA samples were prepared from epididymal fat of 24-wk feeding regimen-treated C57BL/6 mice. mRNA levels of indicated genes were measured using realtime PCR with a relative quantification setting (A, B, and D, n ϭ 10 ). Protein levels of indicated genes were measured using Western blotting (C, n ϭ 6). Data are presented as means Ϯ SE. *P Ͻ 0.05 vs. LF-AL; #P Ͻ 0.01 vs. LF-AL.
KO-AL mice ( Fig. 5E and Supplemental Fig. S3C ). These results indicate that CR fails to increase adiponectin gene expression and blood adiponectin levels in PPAR␣ KO mice.
DISCUSSION
Although adiponectin transcript and protein have been found in some nonfat tissues, WAT plays a predominant role in maintaining relatively high levels of adiponectin in circulation. Paradoxically, reduced adiponectin gene expression in WAT and hypoadiponectinemia are well documented in obese human subjects and some animal models. Calorie-or fat-enriched foods are the common causes of obesity, which is characterized by excessive WAT mass. Therefore, it was generally postulated that dietary fat and enlarged WAT mass directly suppress adiponectin gene expression resulting in hypoadiponectinemia. By using various mouse models and feeding regimens, our current study provides clear evidence indicating that energy intake, particularly restricted energy intake, plays a key role in controlling adiponectin gene expression and circulating adiponectin levels in mice. Our study also reveals that, within normal energy intake ranges, high-level dietary fat does not impair adiponectin gene expression and blood adiponectin levels despite the increased WAT mass in some strains of HF-fed mice. Although further studies are required, our study suggests that WAT mass itself may play a minor role in maintaining blood adiponectin concentrations in mice. In supporting this notion, several human studies have reported that hypoadiponectinemia is not closely associated with body fat content (17, 28, 40, 44) .
Multiple transcription factors and signaling pathways are involved in regulation of adiponectin gene expression. It is known that obesity not only alters lipid metabolism but also impairs insulin signaling and other cellular functions. Therefore, decreased adiponectin gene expression in obesity may be attributed to multiple factors such as increased inflammatory cyctokines and hypoxia in WAT (45) . Limited information was generated in this study regarding how energy intake regulates adiponectin gene expression in WAT and blood adiponectin concentration. Similar to other hormones, expression, secretion, and clearance in circulation should be important in main- taining blood adiponectin levels. Our study shows that the blood adiponectin half-life in C57BL/6 mouse is ϳ65 min, which is close to the value in FVB mice (ϳ75 min) but much shorter than the 2.5-h adiponectin half-life in human subjects (14, 17) . It has been reported that the plasma adiponectin clearance rate is prolonged in HF-fed mice (14) . Our study showed that the serum adiponectin half-life in HF fed mice was slightly longer but without statistical significance. This may be caused by the difference in the strain of mice and duration of HF feeding. Importantly, although blood adiponectin levels were robustly increased in LF-CR or HF-CR mice, serum adiponectin half-lives were similar to that of LF-AL mice (Fig. 3C) . These results indicate that CR-induced increase of circulating adiponectin does not occur through altering the blood adiponectin clearance rate. Therefore, we propose that energy intake controls circulating adiponectin levels through a mechanism(s) at adiponectin gene expression and/or protein secretion.
CR is by far the most effective physical intervention that increases adiponectin gene expression and circulating levels in rodents (9, 42, 48) . Consistent with these reports, our study suggests that CR increases blood adiponectin concentration by increasing adiponectin gene expression. Therefore, studying the mechanisms through which CR increases adiponectin gene expression will enrich our understanding of how energy intake regulates adiponectin gene expression in WAT. CR also provides a unique in vivo system to identify the key regulator(s) of adiponectin gene expression.
Strictly, CR is prolonged starvation with marginal energy deficiency. Due to the energy storage nature of WAT, the impacts of CR on WAT metabolism and adipogenic gene expression have been well documented (11) . Interestingly, our study reveals that CR increases both PPAR␥ and PPAR␣ expression but has no effect on C/EBP␣ in mouse WAT (Fig.  4) . A previous study reported that prolonged fasting increased PPAR␥ mRNA in visceral fat of rats (23) . However, further studies are required to verify the involvement of PPAR␥ in CR-induced adiponectin gene expression in WAT with the reasons discussed in the result section.
PPAR␣ is well known for improving blood lipid profiles and enhancing fatty acid oxidation (19, 47) . CR induces a dramatic shift of fuel selection from glycolysis to fatty acid oxidation (5, 7, 13) . Increased PPAR␣ gene expression may mediate the CR-induced oxidative metabolic shift. Although there is a relatively low abundance of PPAR␣ in WAT compared with brown adipose and liver in mice, the direct regulatory roles of PPAR␣ in gene expression and energy metabolism have been clearly identified in WAT (18, 20, 37, 41) . Consistent with previous studies (16, 21, 22, 26, 38) , our study reveals that PPAR␣ agonist stimulates adiponectin gene expression in cultured adipocytes (Fig. 5A) . Significantly decreased adiponectin gene expression and hypoadiponectinemia were observed in PPAR␣ KO mice (Fig. 5B) . These results are inconsistent with a previous study, which did not observe any change in serum adiponectin in PPAR␣ KO mice (15) . The discrepancy is most likely caused by the difference in genetic background. The PPAR␣ KO mice we used were in C57BL/6 background, whereas the mice used in the other study were in 129S1/SvImJ background. Our study also revealed that CR enhances expression of both PPAR␣ and its target gene Acox1 and Ehhadh in WAT, whereas PPAR␥ target gene aP2 and Fasn were suppressed (Fig. 4, B-D) . Most importantly, CR failed to increase adiponectin gene expression in WAT and circulating adiponectin levels in PPAR␣ KO mice. Therefore we conclude that PPAR␣ plays a key role in mediating CRinduced adiponectin gene expression in WAT. In summary, by using feeding regimens with controlled energy intake and dietary fat content and mouse models, our study demonstrates that the amount of energy intake, but not dietary fat, is important in controlling adiponectin gene expression in WAT. The critical role of PPAR␣ in CR-induced adiponectin gene expression was also identified.
